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Introduction
Recent observations suggest that major changes in the dynamics of Greenland outlet glaciers take place over time scales of years rather than several decades or centuries as previously believed (Truffer and Fahnestock 2007) . Many studies have indicated that increased discharge rates of outlet glaciers are playing a significant role in mass loss from Greenland. For example, several large outlet glaciers doubled their discharge rates over 5 years, and in 1996, the annual ice loss was 91 km 3 , but in 2005 it had risen to 224 km 3 (e.g., Rignot and Kanagaratnam 2006) , though estimates depend on the period sampled. Satellite observations have also revealed apparent rapid changes in outletglacier discharge (Rignot and Kanagaratnam 2006) , especially in southeast Greenlande.g., Helheim and Kangerdlugssuaq glaciers (Howat et al. 2007 Joughin et al. 2008 )-as well as Jakobshavn glacier in west Greenland (Joughin et al. 2004; Holland et al. 2008) and Petermann glacier in north Greenland (Johannessen et al. 2011) . Differences in mass-balance estimates arise partly from uncertainties in changes near the ice sheet margins, largely due to limited temporal sampling that provides only 'snapshots' (e.g., Rignot and Kanagaratnam 2006; Howat et al. 2007 ) rather than the range of variability.
The underlying mechanisms of recent outlet-glacier behavior remain unclear, although it has been suggested that regional oceanic and/or atmospheric warming, as well as local effects of downward percolating meltwater (Zwally et al. 2002; Andersen et al. 2010; Schoof 2010) are responsible. Separating the influence and importance of these forcing is challenging (Bamber et al. 2007) , although it has been suggested (Bindschadler 2006 ) that the ocean plays a critical role, at least for outlet glaciers such as Jakobshavn glacier (Holland et al. 2008) , Petermann glacier (Rignot and Steffen 2008; Johnson et al. 2011 ) and southeast Greenland glaciers, e.g., Helheim (Murray et al. 2010; Straneo et al. 2010) .
Despite its importance in this context, Greenland waters-especially in the inner shelf areas and fjords-have been sparsely sampled with oceanographic measurements, such that the spatial-temporal variability is scarcely known. Repeated oceanographic measurements that are highly-resolved spatially are needed from the locations near the dynamic outlet glaciers, in order to explore two-way interactions. This includes hypothesized triggering of ice discharge and retreat at the terminus (Nick et al. 2009 ), such as from warm water reaching the grounding line. Here we will explore this hypothesis by investigating the fjord-water variability and glacier linkages in addition to the impact of surface air temperature on the melting of the Helheim glacier. We take advantage of a comprehensive 30-year record of ice-front variations, together with long time series of air and ocean water temperature, as well as new oceanographic cruise data from the Sermilik Fjord during three consecutive summers.
Section 2 addresses the different data sets used, including the position of the Helheim ice-front over the last 30 years, oceanographic stations measuring temperature and salinities down to several hundred metres in the Sermilik Fjord during summers 2008-2010 and offshore of the fjord for the same 30-year period as for the movement of the Helheim icefront, and surface air temperature in the region. In Sect. 3 we discuss the results and our preliminary conclusions.
Data

Helheim Glacier
We have analysed the position of the Helheim glacier, Fig. 1 , from CORONA, Landsat, SPOT and ERS 1-2 satellite images and have produced a 30-year continuous time series from 1980 to 2010 for August/September, Fig. 2 . This represents a longer continuous record of interannual variability than previously published for this glacier (e.g., Howat et al. 2008; Joughin et al. 2008) .
During 1999 
Fjord/Ocean Data
Our hypothesis is that the subsurface fjord water of warm Atlantic origin (Straneo et al. 2010 ) melts the deeper part of the ice-front and the bottom part of the floating Helheim glacier which penetrates vertically several hundred metres in the fjord , causing some of the movement of the Helheim ice-front, in the addition to the effect of surface melting with downward percolating meltwater causing lubrication at the base of the glacier at the bedrock (Zwally et al. 2002 , Schoof 2010 .
We have therefore carried out a multi-year series of summer expeditions in August to the Sermilik Fjord, performing temperature and salinity, measurement from the sailboat Jotun Arctic using a conductivity temperature depth (CTD) recorder with an accuracy of 0.01°C for the temperature and 0.02 psu for the salinity down to 400 m in 2008 and to 600 m in 2009 and 2010. Navigation was done by using a GPS with accuracy of 5-10 m.
An example of the oceanographic stations is shown from 2009 in Fig. 1 . As seen from Fig. 1 , we were not able to penetrate all the way into the Sermilik Fjord to reach the Helheim ice-front, due to very heavy ice conditions caused by a large amount of drifting icebergs and seasonal fjord ice in the inner part of the fjord. The temperature and salinity sections from 2008, 2009 and 2010 (Fig. 3) show the fjord temperature and salinity structure. In general, a fjord circulation with a freshwater supply will have a low-salinity outflowing current in the surface layer of few metres thickness which requires an inflow further below, modified by wind, tides, internal waves (Johannessen 1968; Mernild et al. 2010) and offshore conditions on the shelf (Straneo et al. 2010) . Our temperature and salinity sections from three summers, Fig. 3 , show in general cold (*0°C) low-salinity water (*22 psu) in the surface layer, but below 200 m the water temperature was more than 2°C, increasing to more than 3°C below 250 m depth and to more than 4°C at 300 m caused by inflow of warm saline Atlantic water up to 34.80 psu.
In 2008 and 2010, the water temperature was *0.8-1.0°C higher at 400 m than in 2009. Because the Helheim glacier is up to 800 m deep , this means that the Surv Geophys lower part of the glacier is exposed to warm water with a temperature of up to 4°C causing submarine melting from below. This ''bathing'' from warm Atlantic water has probably gone on for thousands of years, but what is important for the bottom melting of the glacier is that the temperature of the inflowing warm Atlantic water can change from year to year, as we have seen from our three sections.
However, in order to perform a robust statistical analysis, longer time series of the warm subsurface Atlantic water-as well as surface air temperature from a nearby meteorological station-are needed to compare with our 30-year time series of the movement of the Helheim ice-front.
Proxy for Warm Atlantic Water in the Fjord
Fortunately, Argo floats exist for the areas off the coast of the Sermilik Fjord. As an example, the drift of one of the Argo floats (http://www.argo.net) gives profiles of temperature and salinity from the surface to 2,000 m depth after 10 days of drifting at 1,000 m, as shown in Fig. 4 . This Argo float strongly indicates that it moves with the Atlantic water in the Irminger Current south of Iceland, then turns in the southern part of the Greenland-Iceland gap and thereafter hugging the Greenland continental shelf southwards (Fig. 4a) . Thereafter it becomes grounded in the canyon across the shelf leading into the Sermilik Fjord. From the vertical temperature and salinity profiles (Fig. 4b) it is seen that below 400 m the water in the canyon is more than 4°C, indicating that this is how the warm and saline water enters the fjord-note the similarity to the T-S measurements from the entrance of fjord (red lines in Fig. 4b ). This implies that the warm, saline Atlantic water ''dives'' under the southflowing East Greenland Current (EGC) and East Greenland Coastal Current (EGCC) because of its greater density (Fig. 4b) . Therefore, Atlantic water in the Irminger Current is the source of the warm and saline subsurface water in the Sermilik Fjord, as shown schematically in Fig. 5 .
We therefore assumed that the temporal variability of the temperature and salinity in the Irminger Current would also to some extent represent the temporal variability of the warm Atlantic water in the Sermilik Fjord. We therefore constructed a time series of all oceanographic stations back to 1970 (Fig. 6 ) and used this annual time series as a proxy for the variability of the fjord water at 400 m (Fig. 7b) , albeit not as absolute values. (Fig. 7c) . This is the closest station to Helheim glacier that has a long record of measurements.
Results and Conclusions
Results
The long-term variability of the Helheim ice-front, as well as the variability of the fjord water temperature proxy and the SAT are shown in Fig. 7 .
In studying the three curves qualitatively, it is clearly seen that when the Helheim icefront retreated substantially during the period from 2001 to 2005 (Figs. 2, 7a) , both the fjord water temperature proxy at 400 m (Fig. 7b ) and the air temperature (Fig. 7c) were increasing, suggesting some linkage. Figure 7 also indicates that all three variables exhibit a shift to a new equilibrium state in the 2000s.
In order to study this more quantitatively, we carried out an exploratory statistical analysis. (We note that the proxy fjord temperature is about 2°C higher than observed in the fjord, but stress that in our analysis we are interested in the co-variability and not necessarily the absolute temperature values.) In our statistical analysis, we performed lagged cross-correlations between the ice-front movement with the proxy fjord temperature and found a maximum correlation of r *-0.49 when the temperature was lagged by 1 year, indicating that we can explain at least 24% (r 2 *0.24) of the ice-front movement with the proxy variation of the warm Atlantic water. One caveat is that this is only a proxy for fjord temperature-if we had measurements of the actual temperature in the fjord near the Helheim glacier front over more than 30 years, the explanatory power may be substantially greater.
Then we also performed a similar cross-correlation analysis between the ice-front movement and SAT, finding a maximum correlation of -0.75 when lagged 2 years, thereby accounting for 56% of the ice-front movement (r 2 *0.56). These statistics imply that the air temperature had more than twice the influence on the Helheim ice-front movement than did the ocean temperature. The effect of SAT on ice-front movement is through surface melting and subsequent downward percolation of meltwater through a huge number of crevasses in the Helheim glacier observed from a helicopter (Johannessen, pers. obs.) , thereby leading to basal lubrication (e.g., Andersen et al. 2010; Schoof 2010) that may affect calving. 3. The greater retreating of the Helheim ice-front after 2000 coincides both with local surface air warming and enhanced warming in the Irminger Current of warm, saline Atlantic Water, which is found to penetrate into the Sermilik Fjord. Correlation analysis indicates that the variation of the SAT is more important than the variability of the ocean temperature for the movement of the ice-front. The precise contribution of air temperature versus ocean temperature, however, remains an open question, as more oceanographic and meteorological measurements are needed close to the glacier terminus, together with modeling efforts.
